Seven mutant Southdown sheep, with congenital hyperbilirubinemia, 1 %-5 years of age, were necropsied. Gross lesions were yellow and green discolorations, testicular atrophy, radial renal fibrosis, pulmonary edema, hydrothorax, and ascites. Pigmentation was detected only in the teeth unless the sheep had been exsanguinated; light green bones, periosteum, fascia, serosa, tracheal and esophageal m~icosae, and yellow intinia of the aorta and endocardium were then visible. All lymph nodes showed mild lymphadenitis with hyperplasia of the reticulohistiocytic cells that contained bilirubin. Pigment ('lipofuscin') was present pericanalicularly in the hepatocytes without any zonal distribution. Seminiferous tubular degeneration res~ilted in reduced spermatogenesis. Most deaths were attributed to renal failure associated with renal radial fibrosis.
Hereditary congenital hyperbilirubinemia of Southdown sheep was described first in New Zealand [7] and later in California [6] . Affected sheep had decreased hepatic bilirubin excretion caused by a decreased net hepatic uptake of unconjugated bilirubin [I 11. Because this mechanism was similar to that of Gilbert's disease i n man, CORNELIUS [4] proposed Southdowns with congenital hyperbilirubinemia as biomedical models for Gilbert's disease. Recent work showed that affected Southdowns also have renal lesions that result in renal insufficiency and ultimately in death [lo] . In addition, they have tissue changes associated with high plasma bilirubin and phylloerythrin.
The results of seven necropsies on Southdown sheep with hereditary hyperbilirubinemia are described.
Materials and Methods
Between 1965 and 1971, seven Southdown sheep with congenital hyperbilibrubineniia were necropsied. Three were killed in extremis, and the other four died. They were from a small flock that had been housed to prevent photosensitization from circulating plasma Sections of kidney and liver were also stained with Masson's trichrome, hernatoxylin and van Gieson, periodic-acid Schiff (PAS), PAS and diastase, by Perl's Prussian blue method for iron, oil-red-0 in ethylene glycol for lipofuscin [9] , Ziehl-Neelsen, Mallory's hemofuscin and Schmorl's ferric-ferricyanide [ 131. Unstained sections of liver were dewaxed and mounted for evaluation of location and color of pigment.
Results

Body Weight and Condition
At death all sheep were in fair to good condition with depot fat still present. Body weights ranged from 22 to 45 kg (table I) .
Gross Pigmentation
With age there was a progressive increase in yellow-green discoloration of the carcass. Apart from teeth, discoloration was not evident during life or at laparotomy. If sheep were killed, exsanguinated and necropsied immediately, a faint green-yellow could be seen in normally white fat and fascia, the discoloration becoming progressively more obvious x-2 h after death. In sheep that died but were not exsanguinated, discoloration of the fascia and serosa frequently was not detected.
In a 1-year-old sheep, the periosteum of the long bones had a light green tint, all deciduous teeth were green, but there was no obvious staining of the fascia. In 2-year-old sheep, the serosa, subcutis, fascia, periosteum, esophageal and tracheal mucosae, and teeth were light green. The dura mater was not discolored. The 5-year-old sheep had a generalized yellow-green discoloration of periosteum, fascia, and serous membranesmost obvious in the pleura, peritoneum and tunical vaginalis. The intima of the aorta and of the endocardium was yellow, and excess thoracic fluid was clear yellow. Teeth and tracheal and esophageal mucosae were green, but meninges and brain were not discolored.
Lymphatic System
Lymph nodes sectioned in mutants from 2 to 5 years old consistently had a mild lymphadenitis characterized by sinus edema, reticulohistiocytic hyperplasia (sinus catarrah), numerous neutrophils in the sinuses (fig. I), and marked plasma cell production in the medullary cords. Many of the hyperplastic reticulohistiocytic cells, which were laden with bilirubin, had sloughed into the lumen of the sinuses. Those changes were present in all lymph nodes ; no significant differences were seen between those draining legs (popliteal, superficial inguinal, axillary, prefemoral, prescapular), head (medial retropharyngeal, submaxillary), liver (hepatic), kidneys (renal), or lungs (bronchial and posterior mediastinal). Changes in the spleen were limited to bilirubin in the macrophages of the red pulp and occasionally in germinal centers.
Testes and Epididymides
All five rams necropsied had smaller than normal testes, most being approximately half normal size. Only one (No. 121), a 4-year-old ram, had sperm filling the ducts of the epididymis, although some of its seminiferous tubules were degenerated and inactive. In three rams, the ducts of the epididymis were empty and in one almost empty. Spermatogenesis was absent in one ram and nearly so in the others ( fig. 2 ). Degeneration of seminiferous tubules and lack of spermatogenesis were not related to season since one ram was necropsied in the winter, two in the spring, and two in the summer (table 11) . Ram 121, with active spermatogenesis, was necropsied in the spring, but the other ram (No. 1073) also necropsied in the spring was almost sterile. Bilirubin was regularly present in interstitial macrophages in the testes.
Liver
No gross lesions were detected, but histological examination of both unstained and HE-stained sections showed fine globules of yellow-brown pigment, usually less than 1 pm in diameter, within hepatocytes. The pigment was located in the middle of hepatic laminae and was probably pericanalicular but without predilection for any zone of the hepatic lobule ( fig. 3 ). Larger globules of similar pigment were found within many Kupffer cells ( fig. 3 ). Even in sheep as young as 1 % years, pigment was plentiful in both hepatocytes and Kupffer cells. The amount of pigment in sheep 337 and 118 increased in the 18 months between liver biopsy and death. The highest concentration of pigment of all livers examined was found in sheep 118, which was 5 years old at death.
The pigment was iron negative, acid-fast, stained positively with Mallory's Iiemofuscin, oil-red-0 in ethylene glycol, Schmorl, PAS and PAS-diastase, and thus met the criteria to be classified as a 'lipofuscin' [13] .
Kidney
Pathological changes in the kidneys and renal function tests have been described previously [lo, 121. Lesions consisted of radial bands of myxomatous tissue in medullary rays, with focal atrophy of adjacent collecting tubules in 3-month-old sheep [lo] . In I-year-old sheep, the myxomatous tissue had been replaced by collagen. Kidneys of sheep aged 2-5 years had narrow, granular, firm mottled cortices, and radial gray streaks of fibrous tissue were visible on cut surfaces. These fibrous bands extended from the capsule to the outer medulla. Fibrosis increased with age and was associated with increased numbers of cystic tubules ( fig. 4) . 
Other Lesions
Pulmonary edema, some pulmonary atelectasis, hydrothorax, ascites, and occasionally cerebral edema were seen. Pulmonary edema was present in the four sheep that died of uremia but was absent in the three that were killed. It was detected only on histological examination in sheep 1013, a 2-year-old ewe with uremia, but in sheep 119, 121, and 1084, the lungs, bronchi, and trachea were filled with frothy fluid and, histologically, fibrin strands and edema fluid were present in alveoli. Hydrothorax present in most of the sheep consisted of clear, straw-colored fluid that ranged in amount from 25 ml in sheep 337 and 1013, to 1 liter in sheep 121, a4-year-old ram that died of uremia. Atelectasis of the ventral borders of the lungs was present in two sheep (No. 337 and 1013), but the cause was not determined, although pulmonary edema was probably responsible for blockage of the airways in sheep 1013. Ascitic fluid was present inconstantly. Sheep 1084 had the highest volume-200 ml of clear, straw-colored fluid. This sheep had water intoxication and died 24 h after being dosed with 15 liters of water, via a stomach tube, over 8 h.
Focal subacute interstitial myocarditis and generalized myocardial lipofuscinosis were present in sheep 118, a 5-year-old ram with renal failure, killed in extremis. Myocarditis was characterized histologically by foci of mononuclear cells and some Anitschkow myocytes between the myocardial fibers. This sheep had hydrothorax and ascites but no pulmonary edema.
Cerebral edema was diagnosed histologically in only one sheep, 337, a 3 '/3-year-old ewe with uremia. The lesions detected only histologically consisted of dilatation of most perineuronal and perivascular spaces throughout the brain. In sheep 119, a 3 x-year-old ram with heat exhaustion and renal failure, there was widespread congestion of the meningeal and cerebral vessels but no significant edema.
Because the sheep were housed out of sunlight, photodynamic dermatitis was not present. No ulcerative or acute inflammatory lesions were detected in the alimentary tract, even in those sheep that died of renal failure.
Discussion
Southdown sheep with congenital hyperbilirubinemia have reduced hepatic ability to excrete bilirubin and phylloerythrin [3] , a breakdown product of chlorophyll that is absorbed from the gut and transported to the liver where it is normally excreted into the bile without conjugation. Normal sheep are able to excrete some conjugated bilirubin and phylloerythrin via the kidneys [2] . BROWN [2] has shown in Geeldikkop, a disease of sheep in South Africa characterized by photosensitization and icterus and caused by the ingestion of icterogenin (a pentacyclic terpene derivative), that there is interference with renal excretion of bilirubin and phylloerythrin. Although the ovine kidney is able to excrete phylloerythrin, it ceases to do so if there is even minor renal damage [2] . Southdown mutant sheep have considerable renal damage [lo] , which presumably results in reduced renal excretion of phylloerythrin. Bilirubin and phylloerythrin, thus retained, are circulated throughout the body causing green discoloration of teeth, periosteum, fascia, serosa, and mucous membranes (by phylloerythrin) and yellow discoloration of the intima of the aorta and endocardium (by bilirubin). The older the sheep, the more intense was the discoloration. The red color of blood obscures the green pigmentation of mucosa and fascia. 111 sheep that die and are not exsanguinated, discoloration of tissues, except the teeth, may escape detection.
With failure to excrete bilirubin and phylloerythrin and the accumulation of these pigments within the body, it is to be expected that they would accumulate in the phagocytes of the reticuloendothelial system ; but of the two, only bilirubin is visible microscopically in paraffin sections. All lymph nodes throughout the body had hyperplasic reticulo-histiocytic cells laden with bilirubin.
In previous accounts [6-81 livers of Southdown mutant sheep were considered t o be normal. We found this essentially true by bright-field microscopy, the only change being golden-brown globules of lipofuscin lying pericanalicularly in the middle of most hepatic laminae. Recently BARTH et al. [ l] described excess lipofuscin in livers of humans with Gilbert's disease. These people, and Southdowns with congenital hyperbilirubinemia, have similar hepatic uptake defects resulting in reduced excretion of hepatic bilirubin. Lipofuscin deposits are prominent in the livers of mutant Corriedales [ 5 ] , which have a hepatic excretion defect for bilirubin resulting in hyperbilirubinemia. These sheep resemble humans with Dubin-Johnson syndrome [I]. The livers of humans and Corriedale sheep with this syndrome are macroscopically black, but the hepatic pigment in the Southdown can be detected only by careful microscopic examination.
Death in older sheep was caused by renal failure characterized by polyuria, low specific gravity of the urine, reduced effective renal plasma flow (ERPF), and reduced glomerular filtration rates [12] . The renal fibrosis that extended into the medulla reduced the number of capillaries in close contact with the thin limbs of the loop of Heiile. This would interfere with the countercurrent mechanism of water resorption, resulting in dilute urine. The reduced ERPF would also result from reduced cortical volume and reduction in the number of functional glomeruli. Progressive increase in the number of cystic tubules indicates obstruction to urinary outflow that would result in reduced glomerular filtration and ERPF. Because renal lesions are present at 3 months of age it is possible that they are determined either by the same gene responsible for the defect i n hepatic excretion or by another gene mutation.
When HANCOCK [8] first determined the genetic nature of congenital hyperbilirubinemia i n Southdown sheep in 1950, he called the trait 'semilethal' because he found sheep died of photosensitization unless kept in the shade or fed a diet free of chlorophyll. Our study indicates that if sheep are protected against photosensitization, they ultimately die of renal failure. Reduced spermatogenesis is another factor militating against spread of the mutant gene. Sterility caused by excess heat could not be incriminated as a factor. Also, the degree of reduction i n spermatogenesis was unrelated to the stage of renal failure.
Under range conditions there would be natural selection against the mutant gene because most affected Southdowns die of photosensitization. Rams that survived would be less likely to produce offspring because of their reduced spermatogenesis, and ultimately sheep would die of renal failure.
